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Coupled micro- and nanomechanical oscillators are of fundamental and technical interest for emerging quantum
technologies. Upon interfacing with long-lived solid-state spins, the coherent manipulation of the quantum hybrid
system becomes possible even at ambient conditions. While, the ability of these systems to act as a quantum bus
inducing long-range spin-spin interactions has been known, the possibility to coherently couple electron/nuclear
spins to the common modes of multiple oscillators and map their mechanical motion to spin-polarization has
not been experimentally demonstrated. We here report experiments on interfacing spins to the common modes
of a coupled cantilever system, and show their correlation by translating ultra-low forces induced by radiation
from one oscillator to a distant spin. Further, we analyze the coherent spin-spin coupling induced by the common
modes and estimate the entanglement generation among distant spins.
Mechanical resonators shaped as cantilevers, drums and
doubly clamped beams at micro and nanoscale have shown
unparalleled applications both as high sensitive mass detec-
tors [1–6] and as ideal systems for cavity QED experiments [7].
When coupled to light these resonators get sensitive to the
radiation pressure allowing them to get cooled to the quantum
regime with only few phonons [8–17]. Using such cooled mi-
cromechanical motion of the cantilevers one could generate
photon-phonon, phonon-phonon and photon-photon entangle-
ment [18–22]. Spin-mechanical systems are analogous to op-
tomechanical systems merging magnetism and mechanical mo-
tion. Here mechanical objects (modes) are detected either by
magnetic gradient force interactions, or strains induced through
magnetostrictive effects [23, 24]. While coupling between sin-
gle spins and mechanical motion has been achieved [25–28]
the ability to extend this coupling to multiple spins [29], so as
to achieve phonon mediated coupling (entanglement) among
spins has become a far reaching goal. The key limiting factor
has been the spin-phonon coupling strength quantified through
cooperativity [30]. With improved fabrication methods, and
operational conditions such as low temperature and ultra-high
vacuum, the cooperativity could be made larger than one, al-
lowing for coherent spin-phonon dynamics, but the possibility
to scale the architecture to multiple cantilevers and couple
spins to their common modes has not been explored. While
there are proposals to estimate the phonon mediated scaling of
spin networks and their possible application for multi-partite
entanglement and quantum simulators [29, 31], demonstrating
the basic element of such architecture is still missing, i.e, cou-
pling two spins in individual cantilevers to the common modes
of a double cantilever system. Here we address this challenge,
by studying a coupled cantilever system and show the coupling
of spins to the common modes of the cantilevers.
Over the past decade spin defects in diamond have emerged
as ultra-sensitive magnetometers achieving up to a chemical-
shift resolution in ambient conditions [32–35]. Further, the
remarkable mechanical properties make diamond a pristine ma-
terial for high-quality-factor micro- and nanomechanical sys-
tems [36–38]. Diamond mechanical resonators have been suc-
cessfully fabricated in the shape of singly and doubly clamped
nanobeams, bulk resonators, phononic crystals and nanodisks.
Coupling of spins associated with nitrogen-vacancy centers
to mechanical modes is well established. NVs can e.g. be
coupled to the mechanical degrees of freedom of cantilevers
using strong magnetic field gradients [27, 28]. Alternatively, a
spin-mechanical coupling can be established via the intrinsic
strain accompanying a deformation of the mechanical structure.
Using this approach NV spins were successfully coupled to
cantilevers [39–43], bulk resonators [44–46] and surface acous-
tic waves [47, 48]. It was shown that this coupling mechanism
can be used to drive dipole forbidden spin state transitions and
increase the NV spin coherence time by continuous dynamical
decoupling [43–46]. Furthermore, advanced applications like
phonon-cooling and -lasing, quantum networks, spin squeez-
ing and quantum-enhanced sensing have been theoretically
studied [6, 25, 29, 49–52]. It was also shown that liberational
modes of levitating magnetic particles could be coupled to
nearby diamond spins, finding applications in ultra-sensitive
gyroscopy [53].
An array of coupled mechanical resonators, each coupled
to a separate spin, is a potential layout for future quantum
networks. In this case, the spin-spin interaction is mediated
by the common modes of the mechanical structure. Such a
system could e.g. be implemented as an array of N elastically
coupled cantilevers, where the coupling is established by a
thin shared base plate holding the cantilevers. In this work,
we experimentally study the smallest building block of such a
network - a two cantilever array (N = 2). This system can be
described as two harmonic oscillators with spring constant k
and coupling constant k′. The combined system has two com-
mon modes: (i) the symmetric mode where both cantilevers
oscillate in-phase at frequency ω1 =
√
k/m and (ii) the anti-
symmetric mode, where the cantilevers oscillate out of phase
at frequency ω2 =
√
(k + 2k′)/m.
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FIG. 1. (a) SEM image of a typical cantilever pair investigated in this work. The zoom in shows a confocal image of the NVs inside the
cantilevers. (b) Sketch of the experimental setup. The photo-thermal driving laser (red) is coupled into the optical path of the readout laser
(green) by dichroic mirror (DC2). Using a galvo-scanner (GS), the position of the drive laser beam on the sample surface can be changed
relative to the readout laser beam. This enables excitation and readout at two different positions. (c) Time-correlated photon count νph for
different driving frequencies ωd. The photon count rate is proportional to the cantilever deflection. Thus, resonances of the cantilever pair can be
seen in the optical signal. (d) Mechanical spectrum of a cantilever pair generated by calculating the variance of the measured photon counts.
Two prominent resonances at ω1 = 2pi × 0.72 MHz and ω2 = 2pi × 0.86 MHz are visible. (e) Photon histograms subsequently measured on
both cantilevers at the first resonance (ωd = ω1). The cantilevers oscillate in phase (f) Same measurement as shown in (e) but at the second
resonance (ωd = ω2). The cantilevers oscillate with a phase shift of pi.
The cantilevers are held by a ∼ 4µm thin diamond mem-
brane as shown in Fig 1a. The sample hosts a random distri-
bution of shallow nitrogen-vacancy centers (NVs) created by
ion-implantation. The opposite side is coated with a 200nm
layer of titanium, enabling photo-thermal driving of the can-
tilevers. To optically excite oscillations, a pulsed IR diode
laser (850nm) with a duty cycle of 0.5 is focused onto one of
the cantilevers. A galvo scanner allows to move the IR laser
beam relative to the beam of the 532nm readout laser (see Fig
1b). Absorption of the IR photons results in a local heating of
the cantilever. Due to the different expansion coefficients of
the two layers, this leads to a bending of the cantilever (see
supplementary information). Alternatively, the system can be
excited using a piezo actuator attached to the sample holder.
We first readout the mechanical motion of the cantilevers
optically using a 532nm laser. Photons reflected by the sam-
ple surface are collected by an APD and time-correlated to
the mechanical drive signal. By positioning the laser focus
slightly above the sample surface, the photon count rate can
be made proportional to the deflection of the cantilever over a
range of ~300nm. This enables a quantitative readout of the
mechanical motion (see supplementary information). From
the acquired photon histograms the amplitude, frequency and
relative phase of the cantilever oscillation are determined. To
obtain the spectrum, we repeat the measurement at different
excitation frequencies ωd of the photo-thermal driving. Fig 1c
shows a photon count map acquired from a cantilever pair. By
calculating the variance of the count rate for each frequency,
a spectrum is retrieved (see Fig 1d). From the spectrum, we
determine the common mode frequencies, ω1 = 2pi × 0.72
MHz and ω2 = 2pi × 0.86 MHz, as well as the quality fac-
tor Q = ω2/∆ω ≈ 480. The symmetric and anti-symmetric
oscillations of the two cantilevers when driven resonantly at
these frequencies are shown in Fig 1e, Fig 1f. In a low tem-
perature (4.8 K) and ultra-high vacuum (2 × 10−9 mbar) en-
vironment, the quality factor increases by a factor of ~103 to
QLT,UHV ≈ 0.4× 106 (see supplementary information).
In the next step we demonstrate the coupling of a NV spin
to the mechanical degrees of freedom. There are two well-
established methods to achieve this spin-mechanical coupling
- strain-induced coupling and magnetic gradient field cou-
pling [30]. The deformation of the diamond lattice caused
by a deflection of the cantilever applies axial (‖) and trans-
verse (⊥) strain to embedded NVs [39, 42, 43]. This results
in a coupling between the NV electron spin and the oscilla-
tion of the cantilever. To suppress effects of transverse strain
we applied an external magnetic field of ~100 G along the
NV axis. The strain produces an effective electric field at
the NV position resulting in the strain-coupling Hamiltonian
Hstr = (D0 + d‖‖)S2z . Here, D0 is the NV zero-field split-
ting, d‖ is the parallel strain-coupling constant and ‖ is the
strain along the NV axis.
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FIG. 2. (a) Hahn echo measurement of a NV coupled to the mechanical motion via strain (upper) or a magnetic field gradient produced by
a magnetized AFM tip (lower). For each coupling mechanism, the signal arising from different oscillation amplitudes were measured. By
fitting, the spin-phonon couplings gstr = 2pi × 3.0 ± 0.1 mHz and gmag = 7.7 ± 0.5 Hz can by determined. (b) Phase-locked dynamical
decoupling sequence. The XY8-N dynamical decoupling sequence has a fixed delay φ to the mechanical drive signal. The central frequency of
the decoupling filter function is tuned to the drive frequency ωd by fixing the pi-pulse spacing τ = 2piωd . At the end of the XY8-N sequence the
accumulated phase θ is projected into the spin polarization by a (pi
2
)y pulse. As a result, the sign of θ is imprinted into the sign of the spin
polarization. (c) Imprint of mechanical oscillations into the spin polarization of a NV in each cantilever using a phase-locked XY8-1 sequence.
The oscillations arise from a resonant excitation of the symmetric (upper) and anti-symmetric (lower) mode with the piezo-actuator. (d) Spin
contrast of a NV in cantilever 1 acquired with a phase-locked XY8-5 sequence. The mechanical system is excited by photo-thermal driving of
cantilever 1 (orange) or cantilever 2 (blue). The results demonstrate the phonon-mediated interaction between a local force acting on cantilever 2
with a distant spin in cantilever 1.
Fig2a (upper) shows the imprint of a mechanical oscillation
with amplitude a0 into the spin signal produced by a Hahn
echo sequence with varying waiting time τ . The system was
excited using the piezo-actuator. The oscillation amplitude was
determined to be 849.8 nm using the previously introduced
quantitative optical readout. From the fitted curves the en-
ergy shift dE = d‖‖ experienced by the NV spin for each
oscillation amplitude can be extracted [54] (see supplementary
information). In the small damping regime, the strain is pro-
portional to the cantilever deflection. Thus, the ratio g′str =
dE/a0 = 2pi × (1.21 ± 0.05) kHz/nm is constant and links
the mechanical oscillation amplitude to the energy shift of the
NV levels. With the zero-point fluctuation of the mechanical
system xZPF =
√
~/(2meffω) ≈ 1.77×10−15 m results the
spin-phonon coupling gstr = g′strxZPF = 2pi× (2.14± 0.08)
mHz.
The spin-phonon coupling can be increased by creating a
strong magnetic field gradient δBz at the apex of the can-
tilever. The mechanical motion z(t) of an embedded NV is
then translated into an effective ac magnetic field BAC(t) =
δBzz(t) at the NV’s position. Neglecting static magnetic
fields, the interaction Hamiltonian isHmag = gmag(a+a†)Sz
with the magnetically-induced spin-phonon coupling gmag =
γNV δBzxZPF . In our experiment, a small magnetized tip
was placed ~50nm above a NV center using an atomic force
microscope. Fig2b (lower) shows Hahn echo measurements
for different oscillation amplitudes. Analogous to the strain-
induced coupling, g′mag = γNV δBz = 2pi × (0.49 ± 0.03)
MHz/nm and gmag = 2pi×(0.87±0.03) Hz can be determined
from the fitted curves. Furthermore, the magnetic field gradi-
ent δBz = (1.8± 0.1)× 105 T/m is extracted. The magnetic
field gradient enhances the spin-phonon coupling by a factor
of gmag/gstr ≈ 2000. This ratio is specific to the geometry
of the cantilevers and the exact positions and orientations of
the used NVs. We note that the coherence time decreased by
~50% due to magnetic noise originating from the magnetic tip.
To demonstrate that the NV spin is indeed coupled to a
common mode, we imprint the oscillation phase into the spin
signal. For this purpose, we employ a phase-locked XY8-
N sequence. The used measurement sequence is depicted
in Fig 2b. First a (pi/2)x-pulse creates a superposition state
|Ψi〉 = 1√2 (|0〉 + | − 1〉). Afterwards, the state evolves in
between refocusing pulses with a pulse time-spacing τ into a
final state |ψf 〉 = 1√2 (|0〉 + eiφ| − 1〉). Finally, the phase φ
accumulated by the spin is projected onto the spin polarization
by a final (pi/2)y-pulse.
In the following measurements the inter-pulse spacing τ
of the XY8 sequence is set to match half the period of the
cantilever drive τ = pi/ωd. Thus, the filter function of the de-
coupling sequence is always tuned into the cantilever frequency
4ωd. By varying the delay φ between the mechanical drive and
the measurement sequence, the motion of the cantilevers can
be observed via the spin-mechanical coupling. Fig 2c shows
the NV spin signal for varying φ for a NV in each cantilever,
while the system is driven resonantly at the symmetric com-
mon mode using the piezoelectric actuator. The measurement
shows an in-phase oscillation of the cantilevers. As expected,
driving the system at the anti-symmetric mode leads to a phase
shift of pi between the spin signals of the two NVs.
Furthermore, we can combine the previously presented meth-
ods of spin readout and optical driving. Fig2d shows XY8-5
sequences with varying delays φ performed on a NV. First, the
photo-thermal driving was applied to the cantilever hosting the
NV (orange). Afterwards, the driving laser was positioned on
the other cantilever. In both cases the mechanical motion is
detected by the NV spin. This demonstrates the transduction
of a local force, acting on only one cantilever, through the
coupled mechanical system. This is a prerequisite for phonon-
mediated interactions between distant spins. Such translation
of non-local forces onto the local spin properties allows us
to estimate the spin-spin coupling mediated by the common
modes, as we detail below.
To estimate the force induced by a single spin on its can-
tilever motion lets consider the case of a spin-1/2 system
rotating in the magnetic field gradient produced by the mag-
netized AFM tip. Due to its rotation in an inhomogeneous
magnetic field, the spin will experience an oscillating force
with amplitude Fz,0 = µBδBz ≈ 10−18N , and ideally, this
force is transduced to the cantilever, driving a small amplitude
oscillation. Such amplitude could be approximated from the
cantilever parameters and the force exerted by the spin on the
cantilever as As ≈ Fz,0Q/k = 6.6× 10−18 m. For example,
in the above experiment using a double cantilever, where driv-
ing one cantilever induces oscillations and spin signal on the
other, we can estimate the spin-spin coupling by evaluating the
non-local spin-phonon coupling i.e., the spin on one cantilever
is coupled to the phonon of the other. Using the experimen-
tally derived local spin-phonon coupling constant g′mag, we
get a spin-spin coupling gs−s(Q = 103) = g′magAs ≈ 3.2
mHz. It has to be noted, that As in this case is smaller than
the zero-point fluctuation of the cantilever pair. This indicates
the need for improvement of the system parameters to achieve
observable spin-spin interactions. For example, at low temper-
atures and ultra-high vacuum, one could achieve an oscillation
amplitude of As(Q = 106) ≈ 6.64 × 10−15 leading to an
enhanced spin-spin coupling to gs−s(Q = 106) ≈ 3.2 Hz.
In addition to optimizing the system parameters towards
a better cantilever, coherent control of the spins can enable
noise-free coupling to the mechanical motion and enhance the
effective spin-spin coupling. To theoretically analyze these ef-
fects we start with the Hamiltonian based on the strain/gradient
induced spin-mechanical coupling [29], given by
H =
∑
k
Hk, Hk = ωka
†
kak + (g1,kS
z
1 + g2,kS
z
2 )(ak + a
†
k),
(1)
where gi are the respective couplings of the spins to the com-
mon mode ak. For the two-cantilever problem, k = 2 with
two common modes: symmetric and anti-symmetric. As
[Hi, Hj ] = 0, we can treat the dynamics caused by each mode
on the spins separately. For simplicity, in the foregoing analy-
sis we consider the mode induced spin-spin coupling for the
case of k = 1. The above Hamiltonian is exactly solvable
and the corresponding unitary operator (for k = 1) clearly
displays both dephasing and entanglement contributions due
to the common mode, given by
U(t) = e(−igeff (t)S
z
1S
z
2 )e(−iGˆa(t)(S
z
1+S
z
2 )). (2)
The first term describes mode induced spin-spin coupling, and
the second term describes the spin-phonon coupling dynamics
that eventually lead of dephasing of the spins. The spin-spin
interaction strength geff (t) =
(g2(2tω−sin[2tω]))
ω2 is indepen-
dent of temperature, while the spin-phonon coupling term that
leads to spin-dephasing at a rate Γ(t) = 4g
2 coth βω sin 2ωt
ω2 , is
temperature (β) dependent. While the large phonon occu-
pancy enhances the spin dephasing rate Γ, it hardly effects the
spin-spin interaction strength f(t). For example using the spin-
phonon coupling strength obtained from our experiments, we
get the effective spin-spin coupling induced by a single phonon
to be g(0)eff = 10 µHz, and for N -phonons (at temperature T )
collectively contributing to the coupling strength, one could
approximate the coupling strength to g(T )eff =
√
Ng
(0)
eff , and
for N ∼ 106, this g(T )eff ∼ 10 mHz, which is of the same order
as the experimentally obtained value of 20.5 mHz. While it
appears that the temperature enhances the coupling, it ampli-
fies the dephasing interaction even more rapidly, making the
zero-temperature condition more ideal for observing quantum
effects in spin mechanics. Due to the linearity of the dephasing
term, one could minimize its effects by employing dynamical
decoupling, e.g., a CPMG pulse sequence. The effect of such
a pulse control on the dephasing term has been analyzed in
great detail earlier in [54]. On the contrary, we here analyze
the dependence of the induced unitary interaction under the
applied pulse control,with M pi-pulses performed at regular
intervals τ . The modified interaction term takes the form
geff (t) =
g2
ω2
[Mτω + (−1)M sin(Mτω)− 2M tan
(τω
2
)
+ sec2
(τω
2
)
(− sin(M(τω + pi)))]. (3)
While increasing the number of pulses reduces the dephasing
interaction term [29, 55], it enhances the spin-spin coupling i.e.,
in the limit of large M , while spin-coherence T2 that scales
as T˜2 ≈ T2M2/3 the two-qubit (spin), effectively scales as
gMeff ≈ geffM6/5. Such interaction induced entanglement
among the spins measured through concurrence (C) also im-
proves with the pulse number as shown in Fig. 3a. The relative
change of γ and geff being drastically different allows for the
emergence of entanglement only above a certain pulse num-
ber M , that scales linearly with the phonon number N . Such
prediction to observe coherent spin-phonon effects at room
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FIG. 3. (a) The scaling of the induced spin-spin coupling (geff ), the
spin decay rate (γ), and two-qubit entanglement (C) as a function of
the pulse number N . (b) We plot the normalized mode occupation
n ≡ 〈a†〉 of the cantilever as a function of cooling cycle M for
resonant cooling (blue) and heralded cooling (red-dashed). In the
inset we show the corresponding pulse sequences employed for the
cantilever cooling.
temperature requires extremely large number of pi-pulses is
known [54]. Under practical considerations the observation
of coherent spin-spin effects with initial high-phonon occu-
pancy state requires cooling of the cantilever. While different
methods exist to cool a phonon mode through a two-level sys-
tem, the well-known side-band cooling in our system could be
achieved by switching on the microwave drive at the resonance
frequency of the cantilever, thereby locking the spin prece-
sion to the cantilever motion [49]. Under such spin-locking,
the dephasing interaction given in Eq. (1) is transformed to
a Jaynes Cummings interaction, where the spin and phonon
exchange quanta resonantly. Under repeated resetting of the
spin polarization, the phonon occupation is drastically reduced.
Alternatively an ultra-fast cooling method using selective pro-
jective measurements of the spin exists [56]. In such cases the
cantilever can be drastically cooled as shown in Fig. 3b.
In summary we have shown here the prospects for achiev-
ing multi-spin, multi-phonon couplings in a spin-mechanical
architecture based on diamond cantilevers. For this we have
analyzed a coupled cantilever system and shown resonant in-
teraction of the spins of the cantilever modes both through
the internal strain and external magnetic field gradient. While
gradient coupling results in enhanced (three orders of magni-
tude) spin-mechanical coupling over the strain-based coupling,
the required gradient fields and positioning of the magnetic
tips beyond a single coupled-cantilever system needs careful
optimization. We have also shown how the coupled cantilevers
translates forces applied on one cantilever to the spin in the
other cantilever, further leading to weak distant spin-spin inter-
actions (∼mHz). Further, we analyzed theoretically the effects
of spin control in enhancing the spin-spin couplings, that lead
to their entanglement, and also possible cooling methods for
the cantilever through the spin. The strong dephasing of the
spin observed under pulsed MW field at the resonant frequency
(Fig. 2), when converted to depolarization (T1ρ) of the spin
under a CW MW field, one would achieve the resonant ex-
change of quanta between the spin and oscillator, allowing for
its cooling.
We would also like to note that in scaling up such spin-
mechanical devices, one has to consider (i) the decreasing
zero-point fluctuation, due to increasing mass m of the sys-
tem, eventually resulting in reduced spin-mechanical coupling
g ∝ 1/√m ∝ 1/√N , and (ii) the higher spectral density of
mechanical modes with increasing number of coupled can-
tilevers preventing for the control of individual modes. To
avoid this and achieve larger quantum networks one would
require an added layer of encapsulation, where multiple small
mechanically coupled arrays are interconnected by other means
[29, 57].
We would like to acknowledge the financial support by the
ERC project SMeL, DFG (FOR2724), DFG SFB/TR21, EU
ASTERIQS, QIA, Max Planck Society and the Volkswagens-
tiftung as well as the Baden-Wuerttemberg Foundation.
[1] J. Chaste, A. Eichler, J. Moser, G. Ceballos, R. Rurali, and
A. Bachtold, Nature Nanotechnology 7, 301 (2012).
[2] M. S. Hanay, S. Kelber, A. K. Naik, D. Chi, S. Hentz, E. C.
Bullard, E. Colinet, L. Duraffourg, and M. L. Roukes, Nature
Nanotechnology 7, 602 (2012).
[3] O. Malvar, J. J. Ruz, P. M. Kosaka, C. M. Domínguez, E. Gil-
Santos, M. Calleja, and J. Tamayo, Nature Communications 7,
1 (2016).
[4] E. Sage, M. Sansa, S. Fostner, M. Defoort, M. Gély, A. K. Naik,
R. Morel, L. Duraffourg, M. L. Roukes, T. Alava, G. Jourdan,
E. Colinet, C. Masselon, A. Brenac, and S. Hentz, Nature
Communications 9, 1 (2018).
[5] S. Ali Momenzadeh, F. F. de Oliveira, P. Neumann, D. D. Bhak-
tavatsala Rao, A. Denisenko, M. Amjadi, Z. Chu, S. Yang, N. B.
Manson, M. W. Doherty, and J. Wrachtrup, Physical Review
Applied 6, 024026 (2016).
[6] M. S. J. Barson, P. Peddibhotla, P. Ovartchaiyapong, K. Gane-
san, R. L. Taylor, M. Gebert, Z. Mielens, B. Koslowski, D. A.
Simpson, L. P. McGuinness, J. McCallum, S. Prawer, S. Onoda,
T. Ohshima, A. C. Bleszynski Jayich, F. Jelezko, N. B. Manson,
and M. W. Doherty, Nano Letters 17, 1496 (2017).
[7] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Reviews
of Modern Physics 86, 1391 (2014).
[8] J. Chan, T. P. M. Alegre, A. H. Safavi-Naeini, J. T. Hill,
A. Krause, S. Gröblacher, M. Aspelmeyer, and O. Painter, Na-
ture 478, 89 (2011).
[9] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. Allman,
6K. Cicak, A. J. Sirois, J. D. Whittaker, K. W. Lehnert, and R. W.
Simmonds, Nature 475, 359 (2011).
[10] T. Rocheleau, T. Ndukum, C. Macklin, J. B. Hertzberg, A. A.
Clerk, and K. C. Schwab, Nature 463, 72 (2010).
[11] R. Rivière, S. Deléglise, S. Weis, E. Gavartin, O. Arcizet,
A. Schliesser, and T. J. Kippenberg, Physical Review A 83,
063835 (2011).
[12] S. Gröblacher, J. B. Hertzberg, M. R. Vanner, G. D. Cole, S. Gi-
gan, K. C. Schwab, and M. Aspelmeyer, Nature Physics 5, 485
(2009).
[13] Y.-S. Park and H. Wang, Nature Physics 5, 489 (2009).
[14] A. Schliesser, O. Arcizet, R. Rivière, G. Anetsberger, and T. J.
Kippenberg, Nature Physics 5, 509 (2009).
[15] E. Verhagen, S. Deléglise, S. Weis, A. Schliesser, and T. J.
Kippenberg, Nature 482, 63 (2012).
[16] U. Delic´, M. Reisenbauer, D. Grass, N. Kiesel, V. Vuletic´, and
M. Aspelmeyer, Physical Review Letters 122, 123602 (2019).
[17] S. Hong, R. Riedinger, I. Marinkovic´, A. Wallucks, S. G. Hofer,
R. A. Norte, M. Aspelmeyer, and S. Gröblacher, Science 358,
203 (2017).
[18] K. C. Lee, M. R. Sprague, B. J. Sussman, J. Nunn, N. K. Lang-
ford, X.-M. Jin, T. Champion, P. Michelberger, K. F. Reim,
D. England, D. Jaksch, and I. A. Walmsley, Science 334, 1253
(2011).
[19] T. A. Palomaki, J. D. Teufel, R. W. Simmonds, and K. W.
Lehnert, Science 342, 710 (2013).
[20] R. Riedinger, S. Hong, R. A. Norte, J. A. Slater, J. Shang, A. G.
Krause, V. Anant, M. Aspelmeyer, and S. Gröblacher, Nature
530, 313 (2016).
[21] I. Marinkovic´, A. Wallucks, R. Riedinger, S. Hong, M. As-
pelmeyer, and S. Gröblacher, Physical Review Letters 121,
220404 (2018).
[22] R. Riedinger, A. Wallucks, I. Marinkovic´, C. Löschnauer, M. As-
pelmeyer, S. Hong, and S. Gröblacher, Nature 556, 473 (2018).
[23] U. Hartmann, Annual Review of Materials Science 29, 53
(1999).
[24] E. Quandt and A. Ludwig, Sensors and Actuators A: Physical
81, 275 (2000).
[25] I. Wilson-Rae, P. Zoller, and A. Imamog¯lu, Physical Review
Letters 92, 075507 (2004).
[26] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud,
J. Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hemmer, A. Krueger,
T. Hanke, A. Leitenstorfer, R. Bratschitsch, F. Jelezko, and
J. Wrachtrup, Nature 455, 648 (2008).
[27] O. Arcizet, V. Jacques, A. Siria, P. Poncharal, P. Vincent, and
S. Seidelin, Nature Physics 7, 879 (2011).
[28] S. Kolkowitz, A. C. B. Jayich, Q. P. Unterreithmeier, S. D. Ben-
nett, P. Rabl, J. G. E. Harris, and M. D. Lukin, Science 335,
1603 (2012).
[29] P. Rabl, S. J. Kolkowitz, F. H. L. Koppens, J. G. E. Harris,
P. Zoller, and M. D. Lukin, Nature Physics 6, 602 (2010).
[30] D. Lee, K. W. Lee, J. V. Cady, P. Ovartchaiyapong, and A. C. B.
Jayich, Journal of Optics 19, 033001 (2017).
[31] S. D. Bennett, N. Y. Yao, J. Otterbach, P. Zoller, P. Rabl, and
M. D. Lukin, Physical Review Letters 110, 156402 (2013).
[32] M. W. Doherty, N. B. Manson, P. Delaney, F. Jelezko,
J. Wrachtrup, and L. C. L. Hollenberg, Physics Reports The
Nitrogen-Vacancy Colour Centre in Diamond, 528, 1 (2013).
[33] J. M. Taylor, P. Cappellaro, L. Childress, L. Jiang, D. Budker,
P. R. Hemmer, A. Yacoby, R. Walsworth, and M. D. Lukin,
Nature Physics 4, 810 (2008).
[34] G. Balasubramanian, P. Neumann, D. Twitchen, M. Markham,
R. Kolesov, N. Mizuochi, J. Isoya, J. Achard, J. Beck, J. Tissler,
V. Jacques, P. R. Hemmer, F. Jelezko, and J. Wrachtrup, Nature
Materials 8, 383 (2009).
[35] N. Aslam, M. Pfender, P. Neumann, R. Reuter, A. Zappe, F. F.
de Oliveira, A. Denisenko, H. Sumiya, S. Onoda, J. Isoya, and
J. Wrachtrup, Science 357, 67 (2017).
[36] P. Ovartchaiyapong, L. M. A. Pascal, B. A. Myers, P. Lauria, and
A. C. B. Jayich, Applied Physics Letters 101, 163505 (2012).
[37] Y. Tao, J. M. Boss, B. A. Moores, and C. L. Degen, Nature
Communications 5, 3638 (2014).
[38] P. Rath, S. Ummethala, C. Nebel, and W. H. P. Pernice, physica
status solidi (a) 212, 2385 (2015).
[39] P. Ovartchaiyapong, K. W. Lee, B. A. Myers, and A. C. B.
Jayich, Nature Communications 5, 4429 (2014).
[40] K. W. Lee, D. Lee, P. Ovartchaiyapong, J. Minguzzi, J. R. Maze,
and A. C. Bleszynski Jayich, Physical Review Applied 6, 034005
(2016).
[41] S. Meesala, Y.-I. Sohn, H. A. Atikian, S. Kim, M. J. Burek,
J. T. Choy, and M. Loncˇar, Physical Review Applied 5, 034010
(2016).
[42] J. Teissier, A. Barfuss, P. Appel, E. Neu, and P. Maletinsky,
Physical Review Letters 113, 020503 (2014).
[43] A. Barfuss, J. Teissier, E. Neu, A. Nunnenkamp, and
P. Maletinsky, Nature Physics 11, 820 (2015).
[44] E. R. MacQuarrie, T. A. Gosavi, N. R. Jungwirth, S. A. Bhave,
and G. D. Fuchs, Physical Review Letters 111, 227602 (2013).
[45] E. R. MacQuarrie, T. A. Gosavi, A. M. Moehle, N. R. Jung-
wirth, S. Bhave, and G. D. Fuchs, Optica 2 (2014), 10.1364/OP-
TICA.2.000233.
[46] E. R. MacQuarrie, T. A. Gosavi, S. A. Bhave, and G. D. Fuchs,
Physical Review B 92, 224419 (2015).
[47] D. A. Golter, T. Oo, M. Amezcua, I. Lekavicius, K. A. Stewart,
and H. Wang, Physical Review X 6, 041060 (2016).
[48] D. A. Golter, T. Oo, M. Amezcua, K. A. Stewart, and H. Wang,
Physical Review Letters 116, 143602 (2016).
[49] P. Rabl, Physical Review B 82, 165320 (2010).
[50] K. V. Kepesidis, S. D. Bennett, S. Portolan, M. D. Lukin, and
P. Rabl, Physical Review B 88, 064105 (2013).
[51] S. J. M. Habraken, K. Stannigel, M. D. Lukin, P. Zoller, and
P. Rabl, New Journal of Physics 14, 115004 (2012).
[52] M. J. A. Schuetz, E. M. Kessler, G. Giedke, L. M. K. Van-
dersypen, M. D. Lukin, and J. I. Cirac, Physical Review X 5,
031031 (2015).
[53] P. Huillery, T. Delord, L. Nicolas, M. V. D. Bossche, M. Per-
driat, and G. Hétet, arXiv:1903.09699 [quant-ph] (2019),
arXiv:1903.09699 [quant-ph].
[54] S. D. Bennett, S. Kolkowitz, Q. P. Unterreithmeier, P. Rabl,
A. C. B. Jayich, J. G. E. Harris, and M. D. Lukin, New Journal
of Physics 14, 125004 (2012).
[55] G. S. Uhrig, Physical Review Letters 98, 100504 (2007).
[56] D. D. B. Rao, S. A. Momenzadeh, and J. Wrachtrup, Physical
Review Letters 117, 077203 (2016).
[57] M. C. Kuzyk and H. Wang, Physical Review X 8, 041027 (2018).
